Hepatitis delta virus (HDV) is responsible for the most severe form of acute and chronic viral hepatitis. We previously proposed that the Deltavirus genus is composed of eight major clades. However, few sequences were available to confirm this classification. Moreover, little is known about the structural and functional consequences of HDV variability. One practical consequence is the failure of most quantification assays to properly detect or quantify plasmatic HDV RNA. Between 2001 and 2014, 2,152 HDV strains were prospectively collected and genotyped in our reference laboratory by means of nucleotide sequencing and extensive phylogenetic analyses of a 400-nucleotide region of the genome (R0) from nucleotides 889 to 1289 encompassing the 3 0 end of the delta protein-coding gene. In addition, the full-length genome sequence was generated for 116 strains selected from the different clusters, allowing for in-depth characterization of the HDV genotypes and subgenotypes. This study confirms that the HDV genus is composed of eight genotypes (HDV-1 to HDV-8) defined by an intergenotype similarity >85% or >80%, according to the partial or full-length genome sequence, respectively. Furthermore, genotypes can be segregated into two to four subgenotypes, characterized by an intersubgenotype similarity >90% (>84% for HDV-1) over the whole genome sequence. Systematic analysis of genome and protein sequences revealed highly conserved functional nucleotide and amino acid motifs and positions across all (sub)genotypes, indicating strong conservatory constraints on the structure and function of the genome and the protein. H epatitis delta virus (HDV) is a unique human pathogen. Its existence was first reported in 1977 through the discovery of a new antigen, the hepatitis delta antigen (HDAg) in liver biopsies and sera from Italian patients with a severe form of hepatitis B virus (HBV)-related hepatitis. Experiments in chimpanzees demonstrated that HDV was a defective virus, requiring HBV surface antigen for its assembly and propagation.
H epatitis delta virus (HDV) is a unique human pathogen. Its existence was first reported in 1977 through the discovery of a new antigen, the hepatitis delta antigen (HDAg) in liver biopsies and sera from Italian patients with a severe form of hepatitis B virus (HBV)-related hepatitis. Experiments in chimpanzees demonstrated that HDV was a defective virus, requiring HBV surface antigen for its assembly and propagation.
(1,2) The HDV particle is approximately 36 nm in diameter. It is composed of the HBV envelope surrounding the delta ribonucleoprotein. The delta ribonucleoprotein is made of the circular negative single-stranded viral RNA genome, approximately 1,700 nucleotides, (3) and of the two isoforms of the HDV protein, including the small and large HDAgs (S-HDAg and L-HDAg, respectively).
HDV genome replication involves host RNA polymerases (Pols) and S-HDAg. It requires structural features of the viral RNA, including its unbranched rod-like structure, the pseudoknot ribozymes, and secondary structures involved in RNA editing. (4) Editing is mediated by the host adenosine deaminase acting on double-stranded RNA-1 (ADAR-1), which allows for the generation from the same open reading frame of the S-HDAg involved in genome replication, the LHDAg, required for virion morphogenesis. (5) HDV genomes are characterized by their variability, which reaches up to 40% over the full-length sequence. This diversity may be generated by the selection of viral variants under the host immunological pressure during chronic infection and/or by possible editing events that can occur at different sites. In addition, the role of intragenotype or intergenotype recombination events has been recently suggested, though natural intergenotype recombinants have been rarely described. On the other hand, one can hypothesize a poor efficiency of the host DNA-directed Pol II proofreading on HDV RNA templates. (6) (7) (8) (9) Based on the nucleotide sequence diversity characterized by means of phylogenetic analyses of fulllength genome sequences, we previously proposed a classification of the HDV genus into eight major clades (HDV-1 to HDV-8). (3, 10) In the present study, we provide a comprehensive understanding of HDV genetic diversity and describe some conservatory constraints on HDV variability from the analysis of 265 full-length and 2,152 partial sequences of genomes from clinical strains originating from various parts of the world.
Materials and Methods

SAMPLES
As part of its mission, the National Reference Center for Viral Hepatitis B, C, and D, through its HDV laboratory located at the Avicenne Hospital in Bobigny, France, prospectively collected and genetically characterized HDV strains isolated in 1, 774 patients with replicating HDV infection newly diagnosed in France between 2001 and 2014. HDV infection was defined by the presence of total anti-HDV antibodies and HDV RNA in serum or plasma. (11) These patients originated from nearly all continents and had likely been infected during childhood or adolescence in their country of birth (Table 1) . In addition, as part of collaborative studies, samples from 378 patients with a diagnosis of HDV infection from various countries (listed in Table 2 ) were studied. Overall, 2,152 samples from newly diagnosed patients originating from 69 countries from all continents were genetically characterized.
HDV GENOTYPE DETERMINATION
In the 2,152 patient samples, HDV genotype determination was based on sequence analysis of a partial region of the viral genome (here called R0) that spans nucleotides 920 (CATGCCGACCCGAAGAGGA AAG) to 1289 (GAAGGAAGGCCCTCGAGAAC AAGA), as already reported. In 116 of them, selected within each distinct R0 cluster, three additional overlapping regions were sequenced in order to generate full-length genome sequences: R1, nucleotides 320 (CCAGAGGACCCCTTCAGCGAAC) to 1289 (GAAGGAAAGGCCCTCGAGAACAAGA); R2, nucleotides 889 (CATGCCGACCCGAAGAGGA AAG) to 420 (AACACCCTCCTGCTAGCCCC); and R3, nucleotides 200 (GTCCCAAGAGGGCG AGGGGGAG) to 560 (TCCTGGAGCCGGCA GTCCGG). Extensive phylogenetic analyses were performed, as described. (3, 10, 12, 13) The uncorrected P values from sequence pairs were used to calculate means, standard deviations, and minimal and maximal similarity scores between and within each genotype. Simplot 3.5.1 software was systematically used for fulllength HDV genome sequence analysis to seek for recombination events.
HDV RNA AND PROTEIN SEQUENCE ANALYSES
The 116 full-length genome sequences were analyzed, together with all full-length HDV genome sequences available in an international database (149 *Patients diagnosed in France (see Table 1 ). 
Results
HDV GENOTYPES AND SUBGENOTYPES
Our extensive molecular characterization of 2,152 R0 sequences from all continents, completed with that of 116 full-length genomes, confirmed the existence of eight major genomic groups, HDV-1 to HDV-8 ( Figs. 1 and 2; Supporting Fig. S1 ). (3, 10) The eight genotypes appeared in phylogenetic trees obtained from various evolutionary models, with either partial or full-length sequences, and were supported by very high bootstrap and posterior probability values (>90% and 1, respectively).
Based on these findings, we used uncorrected similarity score values to propose that two HDV strains belong to the same genotype if they have >85% nucleotide sequence similarity over the R0 region or >80% nucleotide sequence similarity over the full-length genome sequence, together with posterior probability values >0.99 in tree reconstruction ( Figs. 1 and 2 ; alignment with genotype-specific reference sequences is available on request).
Furthermore, our analysis of 265 full-length genome sequences available in our study and in public databases shows that most genotypes further segregate into at least two subgenotypes (Fig. 1B,C; Supporting Fig.  S1 ). We thus propose that two HDV strains within a given genotype belong to the same subgenotype if >90% of their full-length genome sequence is similar, with a tree topology supported by posterior probability values close to 1. Of note, however, within HDV-1 group, this similarity value is 84%. Like for other viruses, we propose adding a lowercase letter to the number of the HDV genotype to identify the subgenotypes ( Fig. 1B,C; Supporting Fig. S1 ). These proposals will need to be validated by an international viral taxonomy committee.
GENERAL CHARACTERISTICS OF HDV GENOMES
HDV genome lengths ranged from 1,668 (dFr-2380, HDV-1) to 1,697 (dFr-910, HDV-5) nucleotides. The full-length genomic nucleotide sequences carried a high GC content, on the order of 60% (59.1%-60.9%), regardless of the genotype. Using Simplot similarity scanning, no intergenotypic recombinant strains were identified (data not shown).
WORLDWIDE DISTRIBUTION OF HDV GENOTYPES AND SUBGENOTYPES
HDV is ubiquitous, present in six of the seven continents, with different distributions of HDV genotypes and subgenotypes in the different regions (Fig. 3) .
HDV-1 strains are the most prevalent worldwide, with the largest extent of intragenotype genetic variability (11.3%-14.3%). They are present in nearly all continents. Four HDV-1 subgenotypes, HDV-1a, HDV-1b, HDV-1c, and HDV-1d, are clearly identified (Fig. 1B) , characterized by a mean intergroup nucleotide divergence over the whole genome sequence of between 14.6% and 16%. Two African HDV subgenotypes, HDV-1a and HDV-1b, showing the highest intergroup divergence (16%) can be individualized. HDV-1a (21 strains, 13.5% of HDV-1 strains in our series) comprises the more ancient HDV-1 strain deeply branched in the tree, near the HDV-1 root, with a mean intragroup divergence of 14.6% and corresponding mainly to central-eastern Africa and Madagascar HDV-1 strains.
HDV-1b subgenotype (24 strains, 15.5%) showed 12.6% of genetic divergence and is spreading in other parts of the African continent such as Côte d'Ivoire and Guinea.
HDV-1c forms a genetically close group including the four sequences described in the Pacific Islands of Nauru and Kiribati. (14, 15) Interestingly, in the context of a low number of sequences, this Micronesian clade also includes three Iranian sequences reported elsewhere. (16) Lastly, HDV-1d subgenotype comprises a very large group of strains (103 strains in our series, 66.4%) that may have spread in several areas of the world, including North Africa, the Middle East, eastern and western Europe, North America, and Asia. It is noteworthy that almost all HDV-1a and HDV-1b strains bear the "African" marker, the serine at position 202 of the HDAg as described.
HDV-2 and HDV-4 strains are restricted to Asia. Fifteen full-length HDV-2 genome sequences provided by Professor J.C. Wu). Figure 1C shows the existence of two distinct subgenotypes for both HDV-2 and HDV-4. HDV-2a originates from Southeast Asia (Taiwan, Vietnam, China, Miyako Islands), whereas HDV-2b circulates in Yakutia, east Siberia (Fig. 3) . HDV-4a (formerly HDV-IIb) and HDV-4b (formerly HDV-IIb-M) (17, 18) originated from Taiwan and Japan, respectively ( Fig. 3; Supporting Fig. S1 ).
HDV-3 appears to be restricted to the north of South America. HDV-3 is the most distantly related genotype ( Fig. 2; Supporting Fig. S1 ). Seven HDV-3 strains were characterized in our laboratory, including five from infected aborigines of the Amazonian region (dAm19, dAm31, dAm34, dAm35, dAm73) for which R0 sequences could be obtained and two from patients living in France but native to Bolivia and Brazil (dFr6275 and dFr8790, respectively) for which fulllength genome sequences were characterized (Fig.  1A,C) . Phylogenetic analysis of these two HDV-3 full-length genome sequences, plus eight additional ones recovered from international databases, allowed us to individualize two putative clusters: one formed by sequences from Brazil, Peru, and Venezuela with a posterior probability value of 1 and the other including a single sequence of Bolivian origin (dFr6275) (Fig.  1C) . The genetic divergence between these two groups was 16.6%. Thus, further studies including more sequences are needed to formally conclude distinct HDV-3 subgenotypes.
Genotypes HDV-5 to HDV-8 were present in Africa only (Figs. 1 and 3 ). Both genotypes were found to segregate into at least two subgenotypes (genetic distance >10% and posterior probability values >0.90), without definitive geographical specificity. HDV-5 (291 strains) was the second most frequent genotype after HDV-1 in our data set. The vast majority of these patients (94.3%) originated from western and sub-Saharan Africa, principally the region between Cameroon and Mauritania. In contrast, genotypes HDV-7a and HDV-7b were found essentially in Cameroonian patients (76.7%). HDV-6 (n 5 29) and HDV-8 (n 5 24) were found essentially in central Africa (93% for HDV-6 and 71% for HDV-8), in a region spanning Angola and Cameroon. Interestingly, HDV-8 strains have also been recently characterized in northeast Brazil, with a link to HBV strains belonging to subgenotype D4. The authors hypothesized an African origin through the slave trade, which is supported by historical links between this Brazilian region and Africa. (19) Remarkably, all African HDV genotypes (HDV-5 to HDV-8), as well as HDV-1a and 1b subgenotypes, were found in a central African area around Cameroon (Fig. 3) , suggesting that this region or a neighboring area could have been the main cradle of HDV diversification.
GENOTYPIC SPECIFICITIES OF HDV RNA FUNCTIONAL SEQUENCES HDV Promoter Region
Putative promoter regions have been identified on the HDV RNA sequence, mainly by chromatography affinity experiments. (20, 21) According to these studies, a terminal region of the pseudo-double-stranded structure spanning nucleotides -1683 to 80 was compared for the 265 full-length HDV genomes. Secondary structure patterns composed of double-stranded helical segments with high-level base pairing were obtained for all genotypes (Fig. 4) . They were variable in length and interspersed with various numbers of bulges and internal loops of variable sizes. Because HDV genome replication involves host Pols (mainly Pol II, possibly Pol I and Pol III), (22, 23) our findings suggest that structural features rather than strict sequence homologies are required for functions. Whether the minor structural differences across genotypes observed here are responsible for different replication efficiencies remains to be determined.
Editing Site
A similar approach was used to compare the secondary structure of the HDV antigenome RNA region substrate for the editing process mediated by the host enzyme ADAR-1, according to genotypes. For HDV-1, several RNA structural requirements are needed for editing, such as the A-C mismatch at the amber/stop codon-editing (UAG) of the S-HDAg gene at position 1012 and the strict base pairing of the eight nucleotides surrounding this position as well as the base pairing that extends at least 25 nucleotides 3 0 downstream. In addition, RNA secondary structures are key to the editing process and may differ according to the HDV genotype. (24, 25) Figure 4B shows the more stable rod-like unbranched structure obtained for all of the HDV genotypes, in accordance with the high intramolecular base pairing of the HDV genome (74% including 60% GC bases). The minimal editing substrate delimited by a box for each genotype shows different patterns compared to that of HDV-1. First of all, the A-C mismatch site, which has been shown to maximize editing efficiency, is lacking in the depicted conformation for HDV-4, HDV-6, and HDV-8 genotypes (Fig. 4B) . For HDV-7, this A-C mismatch is disrupted as for HDV-3. Moreover, loops of variable size are directly displayed at the vicinity of the editing site and downstream, disrupting the base pairing that would be essential for ADAR-1 binding. Thus, as proposed for the HDV-3 editing substrate, (24) alternative RNA secondary structure substrates are likely to be involved for efficient editing for HDV-4, HDV-6, HDV-7, and HDV-8. Interestingly, in preliminary studies performed in our laboratory in an attempt to develop software to measure HDV RNA editing rate in HDV-infected patients by next-generation sequencing technology, we found that HDV-5 had comparable and even higher editing capacity than HDV-1 (S. Dziri, F. Le Gal, E. Gordien, personal data). Therefore, further structural and functional studies are now needed to unravel the role of these differences in the efficiency of the editing step during the viral life cycle.
Ribozyme Region
Both HDV genome and antigenome RNAs display ribozyme activities, including site-specific self-cleavage and ligation. These activities are carried by a contiguous sequence of 85 nucleotides. Biochemical studies showed that the HDV ribozyme region contains a double pseudo-knotted secondary structure formed of five helical regions (P) and three joining regions (J). (26, 27) Alignment of the 265 full-length HDV genome sequences confirmed the very high degree of conservation of this region across all genotypes. Indeed, only few mutations leading to mismatches occurred in ribozymes, except for the P4 region (Fig.  5) . Interestingly, these latter positions have been suggested to behave as compensatory nucleotide changes that conserve base pairing, whereas P1.1, P2, and P3, the main structural components of the ribozyme catalytic site, are highly conserved (Fig. 5) . (23) The base pairing probability scale is shown. A schematic representation of HDV genome according to Beeharry et al. (21) is drawn at the top of the figure. Red box highlights the studied region.
VARIABILITY OF THE DELTA PROTEINS
HDV antigenomic RNA has one open reading frame coding the two isoforms of the delta protein. The two resulting proteins, which are generated sequentially in the viral cycle, have complementary functions: S-HDAg activates HDV genome replication, while L-HDAg inhibits genome replication and activates virion assembly. Both isoforms share common functional domains and undergo posttranslational modifications. (28, 29) In particular, L-HDAg has a carboxy-terminal extension of 19 amino acids that includes a farnesylation CXXQ box signal. These proteins were proposed to be classified within the intrinsic disorder proteins. (30) Our study shows that L-HDAg varies in length according to the HDV genotype. Indeed, HDV-1, HDV-2, HDV-3, HDV-5, HDV-7a, and HDV-8 display the classically described 214-amino acidlong protein, whereas L-HDAg of HDV-4, HDV-6, and HDV-7b has only 213 amino acids. In addition, FIG. 5 . HDV genomic and antigenomic ribozymes. Pseudoknot secondary structures of the ribozymes (A, genomic ribozyme; B, antigenomic ribozyme) from 265 full-length genome sequences of the eight genotypes. Colored boxes indicate the different basepairing (P) domains (P1, P1.1, P2, P3, and P4) and junction domains (J1/2, J1/4, and J4/2). Mutations are shown in red in P1, P2, and P3. The high amino acid change rate in P4 is shown by logo representation of alignments of the P4 ribozyme domain sequences. The cleavage site and catalytic cytosine are indicated. A schematic representation of the HDV genome according to Beeharry et al. (21) is drawn at the top of the figure. Red box highlights the studied region.
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three strains, one HDV-3 from Bolivia and two HDV-1 from the Central African Republic, had a 215-amino acid-long protein. Furthermore, the carboxy-terminal extension for L-HDAg of HDV-3 is of 20 amino acids instead of 19. Sequence and predicted structure differences of delta proteins have been reported across different genotypes. (30) We studied the amino acid sequences of the delta proteins from the 265 strains for which a fulllength genome sequence was available and compared them according to the HDV genotypes. These results are summarized in Fig. 6 . When comparing all genotypes, 64 of the 214 positions (30%) were strictly conserved (Fig. 6 ). Within HDV-1 strains, 120/214 (56%) positions were conserved, while 71%, 71%, 63%, 64%, 68%, 71%, and 75% were conserved within HDV-2, HDV-3, HDV-4, HDV-5, HDV-6, HDV-7, and HDV-8, respectively (Fig. 6) .
Despite the apparent sequence heterogeneity of HDV proteins, stretches of amino acids highly conserved or sharing the same chemical properties defined peptide signatures and supported the functional properties of the HDV proteins.
Our analysis also shows that the amino acids corresponding to the major posttranslational modifications of the delta proteins are highly conserved. These (21) is drawn. Red box highlights the studied region. Red asterisks correspond to conserved amino acids across all genotypes, whereas black ones correspond to conserved amino acids within each genotype. Abbreviations: A, acetylation; ARM, arginine-rich motif; F, farnesylation; HLH, helix-loop-helix motif; M, methylation; NES, nuclear export signal; NLS, nuclear localization signal; P, phosphorylation; Su, sumoylation. include the phosphorylation sites on serine or threonine residues, the methylation site on arginine 13, acetylation on lysine 72, sumoylation on lysine residues, and the farnesylation site on the cysteine residue at position 211. (28, 29) In this study, we confirmed that position 202 of the HDV-1 L-HDAg is a geographical marker. Indeed, a serine was found in >90% of African strains versus an alanine in >70% of non-African HDV-1-strains. (13) In the Middle East, especially in Turkey, these two amino acids were found in equivalent proportions, suggesting that Turkey might have been a crossroads for HDV-1 spreading (Supporting Fig. S2 ).
The proline residue at position 205, located in the nuclear export signal of HDV-1 L-HDAg, plays an important role in virion assembly. The presence of an arginine at position 205 instead of the proline in HDV-2 and HDV-4 strains was shown to be associated with impaired secretion of new HDV virions. (31) Our study confirms the exclusive presence of a proline residue at position 205 in HDV-1 strains, whereas HDV-3 strains harbor a glycine and HDV-2 and HDV-4 to HDV-8 strains harbor an arginine at this position, suggesting variations in virion secretion efficiencies across different HDV genotypes or a selective growth advantage in their hosts.
Discussion
This unique study of more than 2,000 clinical HDV samples originating from six continents provides the broadest genetic characterization of the Deltavirus genus to date. In this work, we confirmed the existence of eight genotypes (HDV-1 to HDV-8) and further extended the classification to the existence of one to four subgenotypes per genotype. HDV-1a, restricted to Africa, could represent the ancestral HDV-1 strain in the genetic evolution. The origin of HDV is yet unknown and subject to different theories. (32) Our results on a large number of full-length genome sequences of all genotypes indicate that HDV-1 strains might have evolved for a long time and could represent ancient HDV strains that might have spread to the rest of the world through ancient or recent human migrations. Furthermore, almost all HDV genotypes (except HDV-2, HDV-3, and HDV-4) originate from central and eastern Africa and Madagascar, indicating the wide diversity of HDV in Africa. (10) However and remarkably, HDV-3 is found exclusively in the north of South America and shows the highest genetic divergence compared to the other genotypes (approximately 35% in our series), with nonetheless an intragenotype nucleotide divergence of 10.5%. Thus, at least two hypotheses can be formulated: (1) one ancestral strain might have been imported in this area among indigenous populations and under immunological and environmental pressures would have evolved, leading to a specific ethnogeographical clade, or alternatively (2) HDV may have been independently generated in humans in different areas of the world (Africa, Amazonia, etc.).
Whether or not such genetic diversity correlates with various outcomes of the infection or with resistance to treatments or is of importance in the biology of the virus can now be further investigated. Indeed, this large comprehensive study may provide a solid background to assess these points. It is generally admitted that HDV-1 is responsible for a mild to severe disease, often associated with liver cirrhosis and hepatocellular carcinoma, while HDV-2 (formerly HDV-IIa) would cause a milder disease; and HDV-3 is often associated with fulminant hepatitis and death. (33) (34) (35) (36) (37) However, interestingly, patients from a small cohort from Yakutia, infected with HDV-2, had as severe disease as HDV-1. (12) Similarly, Watanabe et al. showed that a genetic subgroup of HDV-IIb from the Miyako Islands in the Far East (HDV-IIb-M), today defined as HDV-4, was responsible for a severe disease. (18) On the other hand, studies are lacking in African patients infected with HDV-1a, HDV1b, and HDV-5 to HDV-8. Furthermore, almost all clinical studies were performed on very small cohorts in some countries where only one or two HDV genotypes are spreading. We recently showed that cirrhosis occurred twice as often in patients infected with European/Asian HDV-1 strains than those infected with African HDV-1 strains (P 5 0.001). In addition, within African HDV patients, HDV-5 was associated with a higher risk of development of fibrosis and cirrhosis than HDV-1. (38) and manuscript in preparation) Obviously, the underlying hepatic disease induced by the helper HBV strain has also to be considered as several studies in HBV or HBV/HDV-infected patients clearly demonstrate interference of both HBV and HDV genotypes in the clinical outcome. (33, 39, 40) Another point would be the resistance to treatment according to the (sub)genotype. A sustained virological response is obtained only in 25%-47% of treated patients, with no additional improvement with nucleos(t)ide analogues. (41) (42) (43) Interestingly, contrary to all previous studies, a recent article on a small cohort of 22 nonrandomized Brazilian patients, all of Native American descent, infected with an HDV-3 strain reported a prolonged sustained virological response in >95% after 48 weeks of a therapy that associated interferon-alpha and entecavir. (44) Such results need to be confirmed in larger cohorts, to elucidate the genetic molecular bases, if any, of these observations and with the use of genotype-specific RNA quantification assays.
Indeed, one most important practical consequence of the molecular diversity of HDV in clinical routine is the failure of commercial and "in-house" assays to properly detect or quantify plasmatic HDV RNA in patients. Particularly, HDV RNA viral loads have been dramatically underestimated by most assays in patients infected with strains of African genotypes (HDV-1a, HDV-1b, and HDV-5 to HDV-8). (45) (46) (47) This is also a critical challenge in the management of patients in the era of the development of new specific anti-HDV drugs such as entry and farnesyl transferase inhibitors and nucleic acid polymers. (48) (49) (50) Furthermore, this study provides new insight into the biology of HDV and the impact of its genetic diversity. Our observation of high-level conservation of amino acids or their physicochemical properties in the different functional domains of the delta proteins suggests strong conservatory constraints on the genetic variability of the virus aimed at maintaining the functionality of the viral life cycle.
To conclude, we definitively establish the existence of eight HDV genotypes and two to four subgenotypes per genotype and provide a clear view of their geographical localization. This large comprehensive study also allows us to raise credible hypotheses as to the worldwide spread of this unique virus from an initial African origin, which might have spread during human migration, while an independent generation of HDV in different areas of the world cannot be formally excluded.
